The characteristics of the reactive gaseous mercury (RGM) and particulate mercury (Hg P ) in the 37 marine boundary layer (MBL) is poorly understood due in part to sparse data from sea and ocean. 38
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-186 Manuscript under review for journal Atmos. Chem. Phys. indicating that atmospheric Hg existed mainly as GEM in the MBL. The GEM and RGM 46 concentrations in the northern SCS were significantly higher than those in the western SCS, and 47 the Hg P 2.5 and Hg P 10 levels in the Pearl River Estuary were significantly higher than those in the 48 open waters of the SCS, indicating that the Pearl River Estuary was polluted to some extent. The 49 size distribution of Hg P in PM10 was observed to be bi-modal with a higher peak (5.89.0 m) and 50 a lower peak (0.71.1 m), but the coarse modal was the dominant size, especially in the open 51 SCS. There was no significant diurnal variation of GEM and Hg P 2.5, but we found the RGM 52 concentrations were significantly higher in daytime than in nighttime mainly due to the influence 53 of solar radiation. In the northern SCS, the DGM concentrations in nearshore areas were higher 54 The atmospheric reactive Hg deposited to the oceans follows different reaction pathways, and 96 one important process is that divalent Hg can be combined with the existing particles followed by 97 sedimentation, or be converted to methylmercury (MeHg), the most bioaccumulative and toxic 98 filters were treated similarly to the other samples but not sampling. The mean relative differences 179 of duplicated Hg P 2.5 and RGM samples (n = 6) were 13 ± 6 % and 9 ± 7 %, respectively. 180
Meanwhile, we collected different size particles using an Andersen impactor (nine-stage), 181 which has been widely used in previous studies (Feddersen et al. of the R/V to sample the size-fractioned particles in PM10. In order to diminish the contamination 184 from exhaust plume of the ship as much as possible, we turned off the pump when R/V arrived at 185 stations, and then switched back on when the R/V went to next station. The sample collection 186 began in the morning (10:00 am) and continued for 2 days with a sampling flow rate of 28.3 l 187 min −1 . Field blanks for Hg P were collected by placing nine pre-cleaned quartz filters (81 mm in 188 diameter, Whatman) in another impactor for 2 days without turning on the pump. After sampling, 189 the quartz filters were placed in cleaned plastic boxes (sealing in Zip Lock plastic bags), and then 190
were immediately preserved at 20 °C until the analysis. 191
The detailed analysis processes of RGM and Hg P have been reported in our previous studies 192 (Wang et al., 2016a, b) . Briefly, the denuder and quartz filter were thermally desorbed at 500 °C 193 and 900 °C, respectively, and then the resulting thermally decomposed Hg 0 in carrier gas (zero air, 194
i.e., Hg-free air) was quantified. The method detection limit was calculated to be 0.67 pg m −3 for 195 RGM based on 3 times the standard deviation of the blanks (n = 57) for the whole dataset. The 196 average field blank of denuders was 1.2 ± 0.6 pg (n = 6). The average blank values (n = 6) of 197 
Hg

Determination of DGM in surface seawater 203
In this study, the analysis was carried out according to the trace element clean technique, all 204 containers (borosilicate glass bottles and PTFE tubes, joints and valves) were cleaned prior to use 205 with detergent, followed by trace-metal-grade HNO3 and HCl, and then rinsed with Milli-Q water 206 (> 18.2 M cm −1 ), which has been described in our previous study (Wang et al., 2016c) . DGM 207 were measured in situ using a manual method (Fu et al., 2010; Ci et al., 2011). The detailed 208 sampling and analysis of DGM has been elaborated in our previous study (Wang et al., 2016c) . 209
The analytical blanks were conducted onboard the R/V by extracting Milli-Q water for DGM. The 210 mean concentration of DGM blank was 2.3 ± 1.2 pg l −1 (n = 6), accounting for 310 % of the raw 211 DGM in seawater samples. The method detection limit was 3.6 pg l −1 on the basis of three times 212 the standard deviation of system blanks. The relative standard deviation of duplicate samples 213 generally < 8 % of the mean concentration (n = 6). 
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The sea-air flux of Hg 0 was calculated using a thin film gas exchange model developed by Liss 216
and Slater (1974) and Wanninkhof (1992 (Table 1 ). This is due to the fact that 239 the GEM level in the northern SCS (Fu et al., 2010; Tseng et al., 2012) were considerably higher 240 than that in the western SCS (this study). 241
The Hg P 2.5 concentrations over the SCS ranged from 1.2 to 8.3 pg m −3 with a mean value of 242 3.2 ± 1.8 pg m −3 (n = 39) (Fig. 2) , which was higher than those observed at Nam Co (China) and 243 the Amsterdam Island, and were comparable to those in other coastal areas, such as the Okinawa 244
Island, the Nova Scotia, the Adriatic Sea, the Ontario lake and the Weeks Bay (see Table 1 ), but 245 lower than those in the BS and YS (Wang et al., 2016b) , and considerably lower than those in 246 rural and urban sites, such as Xiamen, Seoul (see Table 1 (Table 1) . Furthermore, 255 Figure 2 shows that the long-lived GEM has smaller variability compared to the short-lived 256 species like RGM and Hg P 2.5, indicating that atmospheric reactive Hg was easily scavenged from 257 the marine atmosphere due to their high activity and solubility. This pattern was consistent with 258 our previous observed patterns in the BS and YS (Wang et al., 2016b) . Moreover, we found that 259 atmospheric reactive Hg represents less than 1 % of TAM in the atmosphere, which was 260 (Table 1) . 263
Spatial distribution of atmospheric Hg 264
Spatial distributions of GEM and RGM 265
The spatial distribution of GEM over the SCS is illustrated in Fig. 3a and the Andaman Sea ( Fig. S3b) . Therefore, the air masses dominantly originated from sea and 281 ocean in this study period, and this could be the main reason for the low GEM level over the SCS. 282
In conclusion, GEM concentrations showed a conspicuous dependence on the sources and 283 movement patterns of air masses during this cruise. In addition to the anthropogenic emissions, the 284 The spatial distribution of RGM over the SCS is plotted in Fig. 3b . The mean RGM 287 concentration in the northern SCS (7.1 ± 1.4 pg m −3 ) was also obviously higher than that in the 288 western SCS (3.8 ± 0.7 pg m −3 ) (t-test, p < 0.05), indicating that a portion of RGM in the northern 289 SCS maybe originated from the anthropogenic emission. We observed elevated RGM 290 concentrations in the PRE, and which was consistent with the GEM distribution pattern, indicating 291 that part of the RGM near PRE probably originated from the surrounding human activities. This is 292 confirmed by the following fact: The RGM concentrations in nighttime of the two days in the PRE 293 were 11.3 and 5.2 pg m −3 (Fig. S3 ), and they were significantly higher than those in the open SCS. 294
Another obvious feature is that the amplitude of RGM concentration is much greater than the 295 GEM, and this further indicated that the RGM was easily removed from the atmosphere through 296 both the wet and dry deposition. In addition, we found that the RGM concentrations in the 297 nearshore area were not always higher than those in the open sea except the measurements in the 298 PRE, suggesting that the RGM in the remote marine atmosphere presumably not originated from 299 land but from the in situ photo-oxidation of Hg 0 , which had been reported in previous studies (e.g., 300 presumably because of the local human activities. The homogeneous distribution and lower level 307 of Hg P 2.5 in the open SCS indicated that the Hg P 2.5 not originated from the land and the SCS 308 suffered less influence from human activities especially in the open sea. This is due to the fact that 309 the majority of air masses in the SCS during this study period came from the seas and oceans. The 310 spatial distribution pattern of Hg P 2.5 in this study was different from our previous observed 311 patterns in the BS and YS (Wang et al., 2016b) , which showed that Hg P 2.5 concentrations in 312 nearshore area were higher than those in the open sea both in spring and fall mainly due to the 313 outflow of atmospheric Hg P from East China. 314
The concentrations and spatial distributions of Hg P 10 in the MBL of the SCS are illustrated in 315 Fig. 4b . We found that the Hg P 10 concentration was considerably (27 times) higher in the PRE 316 than those of other regions of the SCS probably due to the large emissions of anthropogenic Hg in 317 surrounding areas of the PRE. Moreover, the highest Hg P 2.1/Hg P 10 ratio (41 %) was observed in the 318 PRE and coastal sea area of Hainan Island, while lowest ratio (22 %) was observed in the open sea 319 (Fig. 4b) The concentrations of all size-fractioned Hg P are summarized in Table S1 . The size 327 distribution of Hg P in the MBL of the SCS is plotted in Fig. 5 . One striking feature is that the 328 bi-modal pattern (a higher peak (5.89.0 μm) and a lower peak (0.71.1 μm)) was observed for 329 the size distributions of Hg P in the open sea ( Fig. 5a ) if we excluded the data in the PRE. The 330 bi-modal pattern was more obvious when we consider all the data (Fig. 5b) . Generally, the Hg P 331 concentrations in coarse particles were significantly higher than those in fine particles, and Hg 
Dry deposition fluxes of RGM and Hg P 339
The dry deposition flux of Hg showed that RGM contributed more than 95 % to the total dry deposition of atmospheric reactive 354
Hg. The annual dry deposition flux of RGM was considerably higher than that of the Hg P 10 due to 355 the higher deposition rate and concentrations of RGM. 356
Temporal variation of atmospheric Hg 357
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diurnal variation of GEM 358
The diurnal variation of GEM concentration during the whole study period is illustrated in Fig. 6 . 359
It was notable that there was no significant variability of the mean ( SD) GEM concentration in a 360 whole day during this study period, and the GEM concentration dominantly fell in the range of 361 1.31.7 ng m 3 (Fig. 6) . The statistical result showed that the mean GEM concentration in the 362 daytime (6:0018:00) (1.
Daily variation of RGM 368
The average RGM concentrations in the daytime and nighttime are illustrated in Fig. 7 . Firstly, it 369 could be found that RGM showed a diurnal variation with higher concentrations in the daytime 370 and lower concentrations in the nighttime during the whole study period. The mean RGM 371 concentration in the daytime (8.0 ± 5.5 pg m −3 ) was significantly and considerably higher than that 372 in the nighttime (2.2 ± 2.7 pg m 2007). Another reason is that there was more Br (gas phase) production during daytime (Sander et 377 al., 2003) . Figure S3 showed that the RGM concentration in the nighttime was lower than those in 378 corresponding forenoon and afternoon except the measurements in the PRE. This further indicated 379 that (1) the RGM originated from the photo-oxidation of Hg 0 in the atmosphere and (2) the RGM 380 was easily and quickly removed from the atmosphere in nighttime. 381
In addition, we found that the difference in RGM concentration between day and night in the 382 SCS was higher than those in the BS and YS (Wang et al., 2016b), and one possible reason is that 383 the solar radiation and air temperature over the SCS were stronger and higher compared to those 384 over the BS and YS (Wang et al., 2016b) as a result of the specific location of the SCS (tropical 385 sea) and the different sampling time (the SCS: September 2015, the BS and YS: AprilMay and 386 November 2014). Secondly, it could be found that the higher the RGM concentrations in the 387 daytime, and the higher the RGM concentrations in the nighttime, but the concentrations in 388 daytime were higher than that in the corresponding nighttime throughout the sampling period (see 389
Figs. 7, S3). This is partly because the higher RH and lower air temperature in nighttime were 390 conductive to the removal of RGM (Rutter and Schauer, 2007; Amos et al., 2012). Thirdly, we 391 found that the difference in RGM concentration between different days was large though there 392 was no significantly difference in PAR values (Fig. 7) . However, here again divide two kinds of 393 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-186 Manuscript under review for journal Atmos. Chem. Phys. difference in RGM concentration between different days was that there was large difference in 398 wind speed and RH between different days (see Fig. 2 ), and the discussion can be found in the 399 following paragraphs. high at lower wind speed (e.g., 2022 September 2015, it was sunny all these days) (see Figs. 2, 7 , 412 8). This is probably due to the transferring of RGM from the gas to the particle phase. In contrast, 413 we found that the Hg P 2.5 concentrations were elevated when the RGM concentrations were low at 414 higher wind speed (e.g., 2527 September 2015, it was cloudy these days, and there was a 415 transitory drizzly on 26 September 2015) (see Figs. 2, 7, 8 ). On the one hand, high wind speed 416 may increase the levels of halogen atoms (Br and Cl etc.) and sea salt aerosols in the marine 417 atmosphere, which in turn were favorable to the production of RGM and formation of Hg of RGM and Hg P 2.5 in the atmosphere, this was probably the reason for lower RGM and Hg P 2.5 420 concentrations during 2527 September as compared to those observed during 2022 September 421 (see Fig. 2) . 422
Pearson's correlation coefficients were calculated between speciated Hg and meteorological 423 parameters to identify the relationships between them (Table 2 ). According to the correlation 424 analysis, the Hg RGM level in daytime. The correlation analysis showed that the Hg P 2.5 and RGM were all 432 negatively correlated with wind speed and RH (Table 2) , and the higher wind speed was favorable 433 to the removal of Hg P 2.5 over the RGM. This is because the high wind speed might increase the 434 RH levels and then elevated wind speed and RH may accelerate the removal of Hg P 2.5 and RGM 435 between PAR and RGM, indicating that the role of solar radiation played on the production of 438 RGM was more obvious than that on the formation of Hg P 2.5, which were consistent with the 439 previous study at coastal and marine sites (Mao et al., 2012) . 440
Sea-air exchange of Hg 0 in the SCS 441
The spatial distributions of DGM and Hg 0 fluxes in the SCS are illustrated in Fig. 9 . The DGM 442 level in nearshore area was higher than that in the open sea, and this pattern was similar to our 443 previous study conducted in the ECS (Wang et al., 2016c) . The DGM concentration in this study 444 varied from 23.0 to 66.8 pg l −1 with a mean value of 37.1 ± 9.0 pg l −1 ( Fig. 9a and Table S3) 
Conclusions 480
During the cruise aboard the R/V Shiyan 3 in September 2015, GEM, RGM and Hg P were 481 determined in the MBL of the SCS. The GEM level in the SCS was comparable to the background 482 level over the global oceans due to the air masses dominantly originated from seas and oceans. 483 GEM concentrations were closely related to the sources and movement patterns of air masses 484 during this cruise. Moreover, the speciated atmospheric Hg level in the PRE was significantly 485 higher than those in the open SCS due to the anthropogenic emissions. The Hg P concentrations in 486 coarse particles were significantly higher than those in fine particles, and the coarse modal was the 487 dominant size though there were two peaks for the size distribution of Hg P in PM10, indicating that 488 most of the Hg P 10 originated from in situ production. There was no significant difference in GEM 489 and Hg Particulate mercury in PM2.5 
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